An optical fiber ring resonatory sensor system has been demonstrated by applying a triangular phase modulation signal to a fiber loop. The dynamic range for detection of optical phase change is 27r. The sensor is linear within this range. The minimum detectable optical phase change is 1.5 x10-4 rad/Hz1/ 2 .
I. Introduction
The optical fiber ring resonator has been extensively studied by many workers for a number of years. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] This optical device has been used for sensor applications, 7 laser-diode frequency stabilization, 8 and in fiber-optic gyroscopes. 9 -' 4 In these applications, in order to obtain a highly sensitive output signal for a given change in the optical path length or laser frequency, the linewidth of the resonator is in general the most important parameter. The intensity variation at the maximum sensitive position of the transmittance of the resonators 8 or a differential S-shaped output signal obtained at the resonance frequency 9 has been used to extract information on the change in optical phase delay. The ring resonator is more sensitive than Mach-Zehnder-type interferometers, but its dynamic range and linearity characteristics are limited by the resonator linewidth and thus are inferior to Mach-Zehnder-type interferometers. To alleviate this problem, one can employ the so-called closed-loop configuration often used in fiber-optic gyroscopes. 1 0 -1 4 In this method, two acousto-optic modulators operated as frequency shifters are used to tune the laser frequency to the peak position of the resonance curve. The optical phase change is then nulled by tuning the laser frequency. The dynamic range and the linearity of the discrimination curve is then no longer limited by the FWHM linewidth of the ring resonator, but by the maximum tuning range of the laser frequency. Recently, we demonstrated a frequency stabilizer for a set of laser diodes by applying a triangular phase modulation signal to a bulk Fabry-Perot interferometer followed by a timegating techniques for signal processing. Because of a linearly scanned optical phase delay by a triangular waveform, the dynamic range of the frequency discriminator is thus improved. In this paper we apply this technique to signal processing in a fiber ring resonator. It is shown that the linearity and dynamic range of the sensor system are improved significantly. In Section II the basic principle of our approach is described. The experimental method is discussed in Section III. Finally, experimental results are presented and discussed in Section IV.
II. Basic Principles
A fiber-optic ring resonator interferometer is simply a ring section of a single-mode fiber with a fiber coupler exhibiting a highly unbalanced coupling ratio. The free spectral range (FSR) of the resonator is cinLo, where Lo is the length of the ring resonator and n is the refractive index of the fiber core. Its characteristics are similar to a bulk Fabry-Perot interferometer in which the reflectedp'ower exhibits sharp minima at resonance. The relation between the output intensity IJ nad the input intensity I of a fiber-optic ring resonator can be expressed as'
(3L/2-/4)}, (1) where y 0 and Kr are, respectively, the fractional loss and the coupling coefficient of the fiber coupler.
Under the condition that 13L = m(2wr) -r/2, such that sin
To sense the change in fiber length, we applied a triangular phase modulation signal to a fiber-coiled piezoelectric transducer (PZT) in the fiber loop, so that the optical phase delay is swept linearly as shown in Fig. 1 . The amplitude of the triangular waveform is adjusted such that the sweeping range is equal to one FSR. The output of the resonator contains one spectral line corresponding to that of a single-mode laser within the sweeping time, as shown in Fig. 1(b) . If the resonance condition is further satisfied, the optical phase delay within the two half-periods of the triangular waveform can be expressed as
and
where Lo is the bias fiber length; L is the change in fiber length to be measured; b -PLO; Us f3Ll; y is the slope of the triangular waveform; and m = 0, 1, 2, 3.... By differentiating between Eqs. (2a) and (2b) with respect to L and t, we can derive the positions of the spectral lines in the time domain. These are
The time intervals, At+ and At_, can be detected, respectively, by the gate-switching technique.' 5 The temporal separation of these lines in the two halfperiods of a triangular waveform is Atd = At+ -At-I = 2AL/ly.
It follows that the path-length change, AL,, can be measured directly from the time difference, Atd. This can be measured either from the analog output of a phase meter or digitally by using a gated counter. Since Atd is linearly related to the optical phase change within the full 2r rad phase range, the full FSR of the resonator is available for measurement in our system. In contrast, the region that can be used for path-length measurement in conventional methods 7 -9 is equal to the FWHM of the resonance curve, which is inversely proportional to the finesse.
III. Experimental Method
Our experimental setup is shown in Fig. 2 . An optical fiber ring resonator loop was constructed with an adjustable fiber coupler and a fiber section. Nonpolarization-maintaining, single-mode, 30-cm long fiber was used in this experiment. By adjusting the coupling ratio of the adjustable fiber coupler, we obtained a finesse of 70 for our resonator. Two in-line fiber polarization controllers (PC's), one placed at the input port of the fiber coupler and the other located in the fiber loop, were used such that the fiber loop operated in the true single polarization mode. Two fiber-coiled piezoelectric transducers, PZT1 and PZT2, were used for signal processing. The PZT1 was used to sweep linearly the optical phase delay at 30 kHz and stabilize the operation bias points. The PZT2 was used to simulate a change in fiber length for system performance test. The amplitude of the triangular waveform applied to PZT1 was adjusted such that only one spectral line was observed in each of the two half-periods of the triangular waveform. This output signal was then gate switched to select the spectral lines in the two half-periods. The time difference between these two gated output signals was then compared at the phase meter. The optical path length can be detected by measuring the time delay or the phase difference of these gated signals.
IV. Results and Discussions
The output signals of the fiber ring resonator at the photodiode are shown in Figs. 3(a) and 3(b) for different path-length differences. It is clear that the change in optical phase delay manifests itself as different time delay positions. In order to eliminate the low-frequency, environmentally induced optical phase noise, the output signal of the phase meter at a frequency lower than 1.0 kHz was used for stabilization of the operation bias point. To achieve this, the output signal of the phase meter was sent through a proportional and integrating (P + I) circuit and then applied to PZT1. In order to achieve the maximum possible dynamic range of the sensor output, the bias point of the ring resonator can be stabilized such that the spectral lines are located at the central positions of the two sweeping half-periods. This can be achieved by controlling the fiber length, e.g., the spectral line located at T14 for the positively ramped modulation signal and -T14 for the negative ramped modulation singal. For measurement of the time difference, Atd, a gating signal can be generated from the triangular waveform and used to select the two spectral lines located on the positive-sloped and negative-sloped regions of the triangular waveform as shown in Fig.  1(c) . The time difference can then be read out by a phase meter at the output of the gate switches. In our system, the servo bandwidth was selected to be 1.0 kHz, the optical phase bias, Hub, of the phase delays, 4+
and _, has been stabilized to Ab 1.5 x 10-4 rad/Hzl/ 2 . Following Eqs. (2)- (4), we find that the corresponding timing jitter is Atd < 0.36 ns as predicted by Eq. (4). The minimum detectable fiber length change is ALmin = (4b,mi
nm, where X is the wavelength of the laser diode and n is the refractive index of the single-mode fiber. This result is shown in Fig. 4 for the free-running and closed-loop situations.
The linearity of the system response is influenced by the linearity of the PZT. At the turning point of the triangular waveform, high frequency harmonics of the modulation signal are present, and the frequency response of the PZT may not be high enough to respond. This problem can be eliminated by modifying the duty cycle of the gate-switching waveform such that the nonlinear region is gated out. If the temperature of the fiber loop is also stabilized, this system can be used as the frequency discriminator of the laser diode. The long-term frequency stability achievable, however, is influenced by the change and slow drift in the PZT response. The frequency discriminating characteristics of our approach were obtained from the symmetrical positions in the two halfperiods of the triangular waveform. Thus common mode noise rsulting from the PZT can be partially eliminated. Figure 5 shows the result of the scale factor linearity of the sensor system with a 5.0-kHz modulation signal applied to PZT2.
IV. Conclusion
We have demonstrated a novel technique for signal processing in fiber ring resonator sensors, based on a triangular phase modulation waveform. The change in optical path length was measured by the time difference between the positions of the spectral lines in two half-periods of the triangular signal. The minimum detectable optical phase delay was 1.5 x rad/Hzl/ 2 . The dynamic range in the phase delay of the system is 2 ir rad.
